Abstract: Carbon quantum dots (CQDs) are promising nano-materials since it has smaller particle size, excellent biocompatibility and low toxicity. However, no one has found their high scale inhibition performance so far. In this paper, a new kind of green scale inhibitor, carboxyl carbon quantum dots (CCQDs), were synthesized through a simple method of thermal decomposition of citric acid. The as-prepared CCQDs have excellent scale inhibition performance for CaSO 4 and BaSO 4 . With static test of scale inhibition at temperature of 0～80 ℃, the anti-scaling efficiency can reach 100% with low additions of CCQDs.
Introduction
Two of the greatest problems of the human society are those related to water shortage and the environment deterioration. In recent years, the demand of water has increased significantly with the development of industry and society, which intensifies the shortage of water resources [1] . In order to make full use of water, circulating utilization is considered as an effective way to alleviate the pressure on water supply. However, during the operation, scale deposition in recirculation cooling water system is one of the most serious problems. It is a general problem on heat exchangers, cooling water systems, reverse osmosis membrane surface, boilers, secondary oil recovery and utilizing water flooding techniques, flue gas desulphurization systems and desalination plants etc. [2] [3] [4] [5] [6] [7] [8] . Once scales have formed on the surface of equipment, the heat transfer efficiency of the system will decline dramatically, and it will greatly shorten the service lifetime of the apparatus [9] . To avoid formation of scales, the most common and effective method is to add small amount of scale inhibitors [3, 10] .
At present, phosphorous compounds such as amino trimethylene phosphonic acid (ATMP) and 2-phosphonobutane -1,2,4-tricarboxylic acid (PBTCA) have been effectively used against scale formation in cooling water systems [11] . But their use is limited because these compounds become nutrients in the eutrophication process, which may lead to the massive development of biological species and has the potential to deteriorate the environment [12] .
In order to avoid the deterioration of ecological environment, development of the phosphate-free and nitrogen-free scale inhibitors becomes the main focus of water treatment technology [13] . The phosphorus-free polycarboxylate such as polyacrylic acid (PAA), polymaleic acid (PMA) and polyepoxysuccinic acid (PESA) have attracted great interests, both in industry and in academia. But they have low calcium tolerance because of their reaction with calcium ions to form insoluble calcium-polymer salts [14] . Therefore, exploitation of novel environment friendly scale inhibitors is of vital importance.
On the other hand, carbon-based quantum dots (CQDs) are a newly developed class of carbon nano-materials that have attracted much interest and attention owing to their un-comparable and unique properties [15] [16] [17] . Carbon quantum dots are defined as small carbon nanoparticles with outstanding features such as good conductivity, high chemical stability, environmental friendliness, broadband optical absorption, low toxicity, strong photoluminescence (PL) emission and optical properties [18] . Carbon quantum dots components and structure determine their diverse characteristics. Most of the carboxyl moieties on the surface of the CQD give a great solubility in water and biocompatibility [19] [20] [21] [22] .
Since the raw material for preparing carbon dots is mostly carbon-containing organic matter, its surface contains a large amount of reactive functional groups (such as -OH, -COOH, etc. 
Synthesis of carbon quantum dots
In a typical synthesis procedure, 100 g of citric acid was added in a 250 ml three-neck round-bottom flask and was heated at 180 ℃ for 30 h. It was melted to form a colorless liquid, followed by degas. The color then changed from colorless to yellow, orange, and brown. Upon cooling, an orange-brown high-viscosity liquid was obtained, which was stirred with 100 ml of ultrapure water and a NaOH aqueous solution (5 mol/L). Approximately 25 ml of NaOH aqueous solution was subsequently added to neutralize the solution to a pH of 7, resulting in an orange-brown solution of carboxylic acid groups modified CCQDs. Further purification was completed by dialysis bag. The product was separated as a yellow-orange powder by freeze-drying, and finally about 45 g of CCQDs were obtained from 100 g of initial materials.
Scale inhibition measurement
Scale 
Characterization
A JEOL JEM-2100 transmission electron microscope (TEM) was used to obtain the morphology and the size of CCQDs. Ultraviolet-visible (UV-vis) spectra was measured on a UV-2550PC spectrophotometer using ultrapure water as solvent.
Fluorescent signal of CCQDs was observed by an F-280A Fluoro-spectrophotometer.
The infrared spectra (IR) were recorded by an IS50 Fourier transform infrared spectrometer using KBr disks. Functional groups on the surface of CCQDs were measured by a K-Alpha X-ray photoelectron spectrometer. A 6100 X-ray powder diffractometer and a SU1510 scanning electron microscope (SEM) were utilized to investigate the mechanism of scale inhibition.
Results and discussion
With citric acid pyrolysis, the color gradually changed from colorless to brown.
The essence is that the C-H bonds in citric acid molecules are gradually oxidized to carboxyl groups, and some C-C bonds break or recombine. So citric acid molecules are continuously carbonized, and carboxyl groups on the surface are continuously enriched to form carboxyl carbon quantum dots. In order to confirm the surface groups and their contents on the surface of carbon quantum dots, FTIR (Figure 2 ) and X-ray photoelectron spectroscopy (XPS) (Figure 3) were performed. Significant differences in FTIR spectra of citric acid and
CCQDs are observed as shown in Figure 2 . The bands at 3370 cm -1 and 3030 cm -1 are attributed to the stretching vibration of O-H bond and C-H bond (Figure 2a ) [24] .
There is a broad peak at 3414 cm -1 assigned to the stretching vibration of O-H bond of hydroxyl group. Two strong features at 1398 and 1568 cm −1 corresponding to the symmetric and anti-symmetric stretches of the carboxylate group [25] , consistent with the presence of this group on the surface of the carbon dots (Figure 2b) . By comparing the spectra of CCQDs and citric acid, it could be concluded that no residual of citric acid left in the CCQDs，the citric acid molecules had been decomposed completely. Figure 3 , the intensity of O-H bond decreases with the increasing of pyrolytic time. When the pyrolytic time was 30 h, the CCQDs contained more O-C=O bonds. Combination the results of FTIR and XPS, a conclusion that there is abundant carboxylate groups on the surface of CQDs acquired from high-temperature pyrolysis of citric acid could be drawn. In addition to calcium scale, the barium sulfate scale is considered as one of the most frequent and obstinate scales in off shore oil and gas production systems [26] .
High resolution O1s spectrogram of CCQDs is shown in
Because of the extremely low solubility, the barium sulfate scale removal is particularly difficult. The influence of CCQDs to control the barium sulfate formation is shown in Figure 4c . It can be seen that CCQDs has the inhibition efficiency of 90 % at 16 mg/L at the temperature of 40 ℃. Different from calcium scales, the scale inhibition efficiency of barium sulfate scales are less affected by temperature. When the dosage of CCQDs is above 20 mg/L, at any temperature from 40℃to 80℃, the scale inhibition rate reaches 100 %. The possible reason is that barium sulfate has higher thermal stability and its solubility is less affected by temperature. The scale inhibition effect of CCQDs can be easily observed from the scale inhibition test (Figure 5 ). There are large amount of scales in the beaker and on the beaker wall after heating 10 h without adding CCQDs (Figure 5a) . In contrast, no scale could be observed after addition of CCQDs with a similar heating time of 10 h (Figure 5b ). To understand the scale inhibition mechanism of carbon quantum dots, XRD ( Figure 6 ) and SEM ( Figure 7 ) were performed to analyze. As shown in Figure 6 , the scales formed with free indicators is calcium sulfate dehydrate [27] . After addition of CCQDs in the solution, the calcium sulfate dihydrate was transformed to calcium sulfate hemihydrate. From Figure 6b , we can see crystal transformation occurred, there was a peak at 2θ = 20° and the peak at around 2θ = 11° disappeared and the peak at around 2θ = 15° appeared. With the concentration of CCQDs increasing, calcium sulfate hemihydrate was transformed to anhydrous calcium sulfate [27] ( Figure 6c, 6d) . When the dosage of CCQDs increased from 20 mg to 40 mg, the ratio of peak intensity at 2θ = 25° to peak intensity at 2θ = 30° become weaker.
According to this result, it was obviously that the planes at around 2θ = 25° were inhibited. So the addition of CCQDs caused the distortion of calcium sulfate crystal lattice. This result is also confirmed by SEM image of scales (Figure 7) , the surface of dehydrate calcium sulfate is smooth and the shape is rod-like (Figure 7a ). After addition of CCQDs, the morphologies of the scales changed greatly. Needle shaped crystallites reduce and disorderly granular scales increase (Figure 7b) . According to the above results, it can be speculated that lattice distortion happened due to the presence of CCQDs. Morphologies of barium sulfate scales also have changed greatly after addition of CCQDs. In the absence of inhibitor, barium sulfate particles, which are brick-shaped with a width of about 5 μm and the length-width ratio is about 2:1 (Figure 7c ). When addition of inhibitor (Figure 7d) , the brick-shaped barium sulfate particles changed to flower-shaped "fleshy plants" with blade length 2-10 μm. The possible inhibition mechanism according to the above results is depicted in Figure 8 (calcium sulfate 
